Abstract: Peptidoglycan recognition protein SA (PGRP-SA) is a key pattern recognition receptor in the insect innate immune system. PGRP-SA can bind to bacterial PGN and activate the Toll pathway, which triggers the expression and release of antimicrobial peptides to prevent bacterial infection. Here, we report the first structure of Apis mellifera PGRP-SA from Hymenoptera at 1.86 Å resolution. The overall architecture of Am-PGRP-SA was similar to the Drosophila PGRP-SA; however, the residues involved in PGN binding groove were not conserved, and the binding pocket was narrower. This structure gives insight into PGN binding characteristics in honeybees.
Introduction
The innate immune system is the only line of defense against invading microorganisms in insects. 1, 2 Peptidoglycan recognition proteins (PGRPs) play key roles in triggering immune responses to bacteria in insects. 3 PGRPs were first discovered as proteins that bind bacterial peptidoglycan and activate the prophenoloxidase pathway, which is an antimicrobial host defense mechanism in insects, in the hemolymph of silkworms. 4 Insects have diverse PGRPs compared to mammals. For example, Drosophila melanogaster has 13 PGRP genes. 5 Insect PGRPs are involved in triggering two important signaling pathways: the Toll and Imd pathways. These pathways are involved in innate immunity and they initiate the production of antimicrobial peptides to stop infection by pathogens. 6 In Drosophila, PGRP-SA were shown to be required for activating the Toll signaling pathway. 7, 8 PGRP-SA strongly recognizes Lys-type PGN from Gram-positive bacteria and weakly recognizes Dap-type PGN from Gram-negative bacteria to initiate a signal transduction cascade that causes the expression and release of antimicrobial peptides that are primarily active against Gram-positive bacteria and fungi. 1, 3 Two Drosophila PGRP-SA structures have already been determined. 9, 10 Each of these structures is comprised by five b-strands and three a-helices and possesses an extended surface groove required for Toll signaling. The surface groove of different PGRPs is mostly lined with highly diverse residues. 9, 10 Honeybees possess a small number of immunerelated genes compared to Drosophila and mosquitos, but the major insect immune pathways such as Toll pathway and Imd pathway are conserved. 11, 12 The
Apis mellifera PGRP-SA gene was shown to be upregulated after challenges by bacteria or antigenic components of bacteria. 11 However, no PGRPs structure has been reported in bees (Hymenoptera: Apidae). This study reports the Am-PGRP-SA structure at high resolution (1.86 Å ). This is the first structure of PGRP-SA in Hymenoptera. The Am-PGRP-SA structure shares a similar overall structure with Drosophila. However, Am-PGRP-SA exhibits diverse binding residues lined in the PGN binding groove, which might indicate different PGN binding features in Hymenoptera.
Results and Discussion
Overall structure of Am-PGRP-SA is similar to Drosophila PGRP-SA Am-PGRP-SA structure was determined at 1.86 Å resolution and belonged to the P12 1 1 space group (Table I ). There were four Am-PGRP-SA molecules, A, B, C, and D, in the asymmetric unit [ Fig. 1(A) ]. Superposition of each molecule showed that the overall root-means square deviation (RMSD) values were 0.278, 0.253, and 0.262 Å using monomer C, and the average value was 0.264 Å (Fig. S1 , Table  I ); this outcome indicated that these four molecules have an analogous architecture. Each molecule consisted of five helices, a1, a2, a3, and a4; a b sheet consisting of five strands, b1, b2, b3, b4, and b5; Rmerge
where <Ih> is the mean intensity of the observations Iih of reflection h. c R factor 5 P (Fobs2Fcalc)/ P Fobs; Rfree is the R factor for a subset (5%) of reflections that was selected prior to refinement calculations and not included in the refinement. binding to activate the Toll pathway. Although the overall topology of the PGN binding pocket was the same, minor changes were observed in secondary structure positions, and residues involving the binding groove had constituent electron density [ Fig.  1(C) ]. Thus, both the a2 and a4 helixes moved toward each other, and b2 and b3 sheets shifted toward the a2 helix. This resulted in a smaller groove space.
Am-PGRP-SA shows remarkable binding groove differences compared to Drosophila PGRP-SA Am-PGRP-SA had a similar overall PGN binding pocket shape to Drosophila PGRP-SA, but they shared a low identity (45.02%). Therefore, the constituent residues of the binding pocket showed significant differences (Fig. 2) . The Am-PGRP-SA binding pocket shared eight conserved residues with Drosophila PGRP-SA, and these residues were mostly located on the left sidewall of the binding groove [ Fig. 2(C,G) ]. All conserved residues were very significant to PGN binding and Toll activation, especially Ser154. The corresponding residue Ser158 was essential for PGN binding and activation of Toll pathway in the Drosophila PGRP-SA structure. 10 Non-conserved residues Asn66, His68, Trp67, Gly71, and Ser41 in Am-PGRP-SA were present in the right binding pocket [ Fig. 2(C,G) ]. Moreover, the Am-PGRP-SA PGN binding pocket was less positively charged and relatively smaller compared to Drosophila PGRP-SA [ Fig. 2(B,C) ]. The side chain of the conserved residue, Tyr96, moved to the center of the binding pocket, which made the pocket tighter in Am-PGRP-SA [ Fig.  2(F) ]. The non-conserved residues His68 and Trp67 are both aromatic amino acids with bulky side chains. Moreover, they shifted to the center of the pocket [ Fig. 2(D) ]. Thus, these changes in the residues and their positions made the binding pocket of Am-PGRP-SA smaller compared to Drosophila PGRP-SA. Moreover, Ser75 of Drosophila PGRP-SA, located on the base of the pocket, was replaced by Gly71 in Am-PGRP-SA. This creates a better surface for PGN binding [ (Fig. 2(D) ], since a previous study showed that the S75A mutant in Drosophila PGRP-SA exhibited enhanced PGN-binding. 10 Thus, Gly71 and other non-conserved hydrophobic residues specific to the Am-PRGPA-SA, such as Trp67 and His68, contribute to a hydrophobic pocket that facilitates PGN binding [ Fig. 2(D) ]. Our results proved that Am-PGRP-SA has a smaller pocket and a better surface for PGN binding compared to that in Drosophila. This result will help us to understand PGRP-SA in Hymenoptera.
Materials and Methods

Preparation of Am-PGRP-SA protein
Genes encoding Am-PGRP-SA mature peptide was cloned using the cDNA of Apis mellifera based on primers (Am forward: cggaattctctgttcatgaga cgcctgtgcgtccaag, Am reverse: ccgctcgagttaaatcgagga ccagtgtggccatg) and ligated into a pET21a vector (Novagen) according to the sequence in GenBank (accession number: NP_001157187.1). The plasmid was transformed into the Escherichia coli strain BL21 (DE3) and expressed as inclusion bodies. The Am-PGRP-SA protein was refolded by the dilution method with buffer (100 mM Tris-HCl, 2 mM EDTA, 400 mM L-arginine-HCl, 0.5 mM oxidized glutathione, 5 mM reduced glutathione, pH 8.0) for 12 h at 277 K. The protein was purified by Resource Q ion-exchange chromatography column (GE Healthca re), and size-molecular exclusion chromatography column Superdex 200 with buffer (20 mM Tris, 50 mM NaCl, pH 8.0).
Crystallization, data collection and processing
Purified Am-PGRP-SA was concentrated to 4 and 8 mg/mL in a buffer containing 20 mM Tris (pH 8.0) and 50 mM NaCl for crystallization. Am-PGRP-SA was crystallized with reservoir buffer at a 1:1 ratio (1 lL protein solution with 1 lL reservoir solution), and crystals were found in Crystal Screen TM kit (Hampton Research, Riverside, CA) No. 4 (0.1 M Tris hydrochloride PH 8.5, 2.0 M Ammonium sulfate) with the sitting-drop vapor diffusion technique at 291 K. The crystal was soaked in the well solution containing an additional 20% (v/v) glycerol. Diffraction data of Am-PGRP-SA were collected using the SSRF BL17U beamline and an ADSC Q315 imaging-plate detector at a wavelength of 1.0 Angstrom, a frame width of 1.0 degrees, and exposure time of 0.3 s, 360 frames were collected and used for data processing. The collected intensities were indexed, integrated, corrected for absorption, scaled and merged using HKL2000. 13 Structure determination and refinement
The Am-PGRP-SA structure was resolved by molecular replacement in the MOLREP program of CCP4 and Drosophila PGRP-SA (PDB code: 1S2J) as the search model. 14 Extensive model building was performed by hand using COOT, 15 and restrained refinement was performed using the REFMAC5 program of CCP4. 14 Further rounds of refinement were performed using the phenix.refine program implemented in the PHENIX package with isotropic ADP refinement and bulk solvent modeling. 16 The stereochemical quality of the final model was assessed with the PROCHECK program. 17 Data collection and refinement statistics are listed in Table I . Am-PGRP-SA structure was deposited in the Protein Data Bank (http://www. pdb.org/pdb/home/home.do) with accession number 5XZ3. Amino acids alignment between Am-PGRP-SA and Drosophila PGRP-SA was performed by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/ clustalo/) 18 and ESPript (http://espript.ibcp.fr/ESPript/ cgi-bin/ESPript.cgi). 19 
